Abstract. We previously reported the synthesis and characterization of a novel cationic polymer gene vector. The present article further explored and optimized the working conditions of the Sofast gene vector both in vitro and in vivo, and improved its performance. The transfection conditions of Sofast, such as cell type, cell density, transfection time, n/P values and analysis time after transfection, were further explored. Moreover, the effects of the fusion peptide diinF-7 on transfection efficiency were examined. Sofast was successfully applied for the transfection of exogenous genes into more than 40 types of cell lines derived from humans, mice, monkeys and other species. When the cells were 50-80% confluent, Sofast possessed a better transfection efficiency. In most cases, Sofast also had a higher transfection efficiency when it was used to transfect cells that were seeded for several hours and had adhered to the substrate. The results from in vitro experiments indicate that the recommended Sofast to dna mass ratio is 16:1, and the optimum analysis time after transfection is 48 h. The salt concentration in the Sofast working solution markedly affected the transfection efficiency. When conducting in vivo transfection, the working solution should be salt-free, whereas for in vitro transfection, it is more appropriate for the working solution to include certain salt concentrations. Finally, the results confirm that diINF-7 significantly promotes the transfection efficiency of Sofast. in conclusion, the present research not only established the optimal conditions for Sofast in the transfection of commonly used cells, but also built the foundations for in vivo and in vitro applications of Sofast, as well as its use in clinical practice.
Introduction
due to the complicated manipulations and potential safety hazards of viral vectors, non-viral gene vectors are currently used to facilitate the delivery of target genes and to penetrate the cellular membrane barrier (1) . cationic polymers recruit dna through electrostatic adsorption and form a nano-scale polyelectrolyte complex (Pec), which enters the cells by endocytosis and protects genes from nuclease i (2) . Watersoluble cationic polymers form stable Pecs by condensing dna, penetrate the cell membrane by simulating the structure of the virus, and are finally degraded in the cell (3) . They confer no risk of carcinogenesis, whereas a virus does, and show broad application prospects, which has led them to become the focus of the focus of intense study in the research and development of non-viral gene vectors (4) . although cationic polymers possess many advantages compared to viral gene vectors, several problems remain to be solved, such as their low transfection efficiency, weak degradability and poor biocompatibility, all of which limit their development (5) .
our group has synthesized a cationic polymer with branch structures, and has constructed a Sofast gene vector which has been used to transfer macromolecular nucleic acids both in vivo and in vitro (2) . in our previous study, we thoroughly investigated the characteristics of Sofast, including its transfection efficiency, cytotoxicity, cell type and compatibility with serum, as well as the stability of its physicochemical properties and its biocompatibility. Through the above tests, we verified that Sofast is a gene vector with a high transfection efficiency, low cytotoxicity and good stability, and that it has the potential to be widely used in gene transfection both in vitro and in vivo.
The present study aimed to optimize the transfection conditions of Sofast, including cell type, cell confluence, transfection time, n/P values and the salt concentrations of working solutions. We also examined the effects of the fusion peptide diINF-7 on transfection efficiency. The results establish the optimal working conditions for Sofast in the transfection of commonly used cells.
Materials and methods
dimethyl sulfoxide (dMSo) and glycerol were purchased from Ximen luyin co. (china). opti-minimum essential medium (Opti-MEM), Dulbecco's modified Eagle's medium (dMeM) and eosin Methylene Blue agar (eMB) were purchased from gibco (uSa). The plasmids pegFPn1 and pcMv-lacZ were purchased from clontech co. (uSa). pgl3 plasmid was from Promega (uSa). lipofectamine 2000 was purchased from invitrogen (uSa). cytoPure and JetPei were purchased from Qbiogene (uSa). SuperFect was purchased from Qiagen (uSa). all cell lines were purchased from the american Type culture collection (aTcc). The guinea pigs were from the Xiamen university laboratory animal center (XMulac). all animal studies were approved by the review Board of the Medical college of Xiamen university.
Transfection procedures and optimum design in different cell lines.
To acquire the optimal transfection efficiency in vitro, the cell confluence and the mass ratio of Sofast to DNA must be optimized. various cell culture plates and dishes (96-well, 48-well, 24-well, 12-well and 6-well plates; 35-mm, 60-mm and 90-mm dishes) were used to culture cells at different initial cell numbers. different mass ratios of Sofast to dna were also arranged to investigate the transfection efficiency in vitro.
Optimum vaccination of adherent cells. in order to determine the optimum vaccination of adherent cells, cells were seeded into different cell culture plates and dishes according to the data in Table i .
Preparation of Sofast/DNA complex (with representative 24-well plates). First, 0.6 µg plasmid dna was diluted in 30 µl of culture medium (dMeM, opti-MeM, PBS buffer solution or 150 mM nacl solution) without serum and antibiotics, and the solution was gently mixed. Second, 1-1.8 µl Sofast was diluted in 30 µl of culture medium without serum or antibiotics, and was gently and thoroughly mixed. Subsequently, 30 µl Sofast was added dropwise into the dna solution, while the solution was mixed well. it should be noted that the sequence in which these two solutions are mixed may affect the transfection efficiency: mixing in reverse would lead to a more than 10-fold decline in transfection efficiency (6) . Finally, the mixture was incubated at room temperature for 15-20 min.
Transfection. Sofast/dna complex (60 µl) was added to each well and mixed gently. after the cells were incubated at 37˚C with 5% CO 2 for 24-48 h, the expression of the reporter gene was analyzed and the transfection efficiency was measured.
Transfection procedure for suspended cell lines. The procedure for transfecting suspended cells was similar to that used for adherent cells, with the following exception: after culturing for 1 h, the suspended cells were mixed with Sofast/ dna complex, which was dropped into the culture dishes in the same manner as for the adherent cells. The cells were then maintained for another 24-48 h, and the transfection efficiency was evaluated.
Determination of optimal time after transfection for analysis. hela cells were transfected with pegFPn1 plasmid according to the common transfection protocol (2) . alterations in gFP expression were observed in the peFgPn1-transfected cells at various time points (6, 12, 18, 24, 32, 40, 48, 64 or 72 h).
Facilitation of transfection efficiency by diINF-7.
The facilitation of Sofast-mediated gene transfection by diinF-7, a fusogenic peptide, was investigated. diinF-7 with 24 amino acids was synthesized by the standard chemical, n-(9-fluorenyl) methoxycarbonyl (synthesized by the Academy of Military Medical Sciences, China). diINF-7 at a final concentration of 0.5 µg/ml was then dissolved into the Sofast working solution (4.0 ml saline, 5.9 ml dMSo and 0.1 ml glycerol). After being filtered with a 0.2 µm filter, the mixture was allocated aseptically and stored at 4˚C.
Effect of diINF-7 on GFP expression in HeLa cells trans-
fected with Sofast. hela cells were seeded in 24-well plates at an initial cell number of 2.0x10 5 cells/well. The bulk volume of the culture medium was 500 µl per well. The cells were incubated for 16-24 h at 37˚C in humidified air with 5% CO 2 until reaching 40-50% confluency. pEGFPN1 plasmid (0.6 μg) was dropwise diluted in 30 µl serum and antibiotic-free DMEM, and then was gently mixed well; 1.8 µl Sofast and 0.9 µl diinF-7 were both diluted in 30 µl dMeM, and then the 30 µl Sofast-diinF-7 mixtures were dropwise added into the 30 µl pegFPn1 plasmid solution. after incubation at room temperature for 15 min, the Sofast-diinF-7/dna complex was formed. The Sofast-diinF-7/dna complex (60 µl) was added to each well and the cells were maintained for 24 h at 37˚C with 5% CO 2 . gene expression analysis revealed 
Effect of diINF-7 dosage on the transfection efficiency of
Sofast. in order to determine the effect of diinF-7 dosage on transfection efficiency, pGL3 plasmid was transfected into hela cells using Sofast with different concentration of diinF-7, then luciferase activity was detected. a series of diinF-7 dosages (3.84 µl, 1.92 µl, 0.96 µl, 0.48 µl, 0.24 µl, 0 µl) was applied to 0.6 mg pgl3 plasmid and 1.92 ml Sofast. luciferase activity in the transfected hela cells was evaluated according to the instructions manual, and the final result was presented as rlu/mg protein.
Effect of Sofast dosage on transfection efficiency in the presence of diINF-7.
in order to evaluate the effect of Sofast dosage on transfection efficiency in the presence of diINF-7, a gradient mass ratio of Sofast to dna (16:1, 8:1, 4:1, 2:1, 1:1) was created by changing the amount of Sofast (1.92 µl, 0.96 µl, 0.48 µl, 0.24 µl, 0.12 µl), while keeping the amount of diinF-7 to half that of the Sofast and always using 0.6 mg pgl3 plasmid. luciferase activity in the transfected hela cells was evaluated according to the instructions manual, and the final result was presented as RLU/mg protein (2).
Effect of salt concentration in working solution on transfection efficiency in vivo and in vitro.
Sofast cationic polymer (50 mg) was dissolved in 10 ml working solution a (150 mM nacl, 1% glycerol), solution B (5% glucose, 1% glycerol) and solution C (75 mM NaCl, 50% DMSO, 1% glycerol) for a final concentration of 5 mg/ml. After heating at 56˚C and filtering with a 0.2 µm membrane filter, the working solutions A, B and c for the gene vector were prepared.
In vitro test. For the in vitro test, the pgl3 plasmid was transfected into both heK293 cells and hela cells using Sofast a, B and c. The detailed transfection protocol was as previously described (2) . Briefly, 20 µg pGL3 plasmid was diluted in 1 ml opti-MeM, and then 64 µl Sofast (5 mg/ml) was dropped into this pgl3 plasmid diluent. The Sofast to dna mass ratio was 16:1. after vortex oscillation and incubation for 15 min at room temperature, 60 µl Sofast/dna complex was dropped into the cell culture medium and was mixed well. The cells were then maintained for 48 h at 37˚C with 5% co 2 . The culture medium was decanted. after washing once with PBS, cells were lysed with lysis buffer, agitated at room temperature for 10 min, and finally collected in 1.5 ml centrifuge tubes. The suspension was centrifuged for 20 min at 4˚C at 5000 rpm/sec. After adding 10 µl fluorescer, a portion of the supernatant was used to measure the luciferase activity. another 6 µl of the supernatant was used to determine the protein concentration. The final result was presented as rlu/ mg protein.
In vivo test. For the in vivo test, Sofast with working solution a, B and c was used to transfect the pegFPn1 plasmid into mice, and then gFP expression in the lung, liver and kidney cells was investigated. The detailed transfection protocol was as previously described (2) . Four groups were formed at randomly from 10 male guinea pigs with a body weight of 250-300 g: Group A, Sofast A, 3 male guinea pigs; Group B: Sofast B, 3 male guinea pigs; Group C: Sofast C, 3 male guinea pigs; and group D: negative control, 1 male guinea pig. Tail intravenous injections were performed as follows: 50 μg pEGFPN1 plasmid and 75 µl Sofast A, B, C were diluted in 2 ml 5% glucose solution. next, 2 ml Sofast working solution a, B and c was respectively dropped into the pegFPn1 plasmid diluents mentioned above and incubated at room temperature for 15 min. The guinea pigs in groups a, B and C were injected with 200 µl Sofast/pEGFPN1 complex, while group D was injected with 200 µl pEGFPN1 plasmid diluents. after transfection for 48 h, the guinea pigs were sacrificed and the lung and kidney were examined under a fluorescence microscope.
Results

Optimal transfection procedures in the different cell lines.
The data obtained indicate that Sofast was capable of successfully transfecting exogenous genes into many primary cell lines or transformed cell lines, adherent cells and suspended cells, and was suitable for transient transfection and stable transfection. To date, Sofast has been successfully used to transfect 42 cell lines derived from humans, monkeys and dogs.
The results indicate that Sofast possesses optimum transfection efficiency when the cells are 50-80% confluent, which varies slightly depending on the cell line. For transfecting the most commonly used cell lines, a cell confluence of 60-70% was optimal. Taking 24-well plates as an example, the ideal condition was to seed cells at the initial number of 8x10 4 -2.0x10 5 cells/well and to culture them for 18-24 h before transfection. in most cases, conducting transfection after the cells were attached to the substrate for several hours would result in the same efficiency. Cells that were insensitive to cytotoxicity were transfected immediately after inoculation. In order to obtain the optimum transfection efficiency in the suspended cells, we recommended that the transfection be performed after the cells were seeded for 1 h.
To obtain a better transfection efficiency, the amounts of Sofast and dna should be determined according to the area of the cell culture device used. Optimization of time after transfection. gFP expression in hela cells at different time points after transfection of pegFPn1 plasmid using Sofast is shown in Fig. 1 . The level of gFP expression gradually increased and reached a maximum at 48 h. Subsequently, the level of gFP expression remained fairly constant, although the cells still underwent division, indicating that 48 h was the optimum time to acquire results after transfection.
Effect of diINF-7 on GFP expression in HeLa cells transfected with Sofast.
The results indicate that, at 24 h after transfection, the cell density in the group with diinF-7 was identical to that in the control group without diinF-7, while the number of gFP-positive cells in the former group was markedly higher than that in the latter group. The positive rates were 55% and 35%, respectively, which resulted in a 2-fold difference in fluorescence intensity. (Fig. 2) .
Effects of diINF-7 dosage on luciferase activity in HeLa cells.
The results revealed that adding diinF-7 to the working solution improved transfection efficiency, which rose in conjunction with the increase in the dosage of diINF-7. When the volume ratio of diinF-7 to Sofast was 1:2, the transfection efficiency was 2.5-fold higher than without diINF-7, indicating that it was significantly improved. Subsequently, the transfection efficiency was slightly, but not statistically significantly, increased in conjunction with an increase in diINF-7 (Fig. 3) .
Effects of Sofast dosage on luciferase activity in HeLa cells in the presence of diINF-7.
When the volume ratio of diinF-7 to Sofast was maintained at 1/2, the transfection efficiency did not change when the volume of Sofast was decreased from 1.92 to 0.48 µl. during this procedure, the amount of Sofast was only a quarter of the initial amount and the mass ratio of Sofast to DNA ranged from 16:1 to 4:1; however, when the volume of Sofast was 1/8 or 1/16 of the initial volume, the transfection efficiency underwent a 4.2 and a 22.1-fold decline, respectively. (Fig. 4) .
Effect of salt concentration in working solution on transfection efficiency in vivo and in vitro.
In vitro test. pgl3 plasmid was transfected into heK293 cells using Sofast at different working solution. The luciferase activity in heK293 cells is shown in Fig. 5 . In vitro, when the working solution was salt-free, the transfection efficiency was markedly lower than in the working solutions containing 150 mM NaCl or 75 mM NaCl, which had a 107-fold decline; however, there was no significant difference in transfection efficiency between 150 mM NaCl and 75 mM NaCl. Similar results were also obtained from experiments performed with HeLa cells, and the transfection efficiency underwent an almost 100-fold decline compared with the working solutions containing salts. pigs were sacrificed. Lung, liver, and kidney were immersed in frozen embedding medium, and the frozen sections were observed under a fluorescence microscope. Green fluorescence was observed in the tissues of the liver, lungs and kidney in group B, while there was no signal detected in groups a and c or in the control group, d. Fig. 6 shows gFP expression in guinea pig kidneys 48 h after intravenous injection with different gene vectors.
In vivo test. At 48 h after tail intravenous injection with
Discussion
The results of the present study indicate that the efficiency of gene delivery mediated by the gene vector was affected by many factors, including the features and activities of the cell line, cell culture conditions, quality of dna or rna and transfection protocols (7). To achieve a better transfection efficiency in vitro, it was necessary to optimize the conditions of the transfection using Sofast, including the initial cell numbers and the mass ratio of Sofast to dna. We optimized the cell confluence and the mass ratio of Sofast to DNA in different culture dishes or plates (96-well, 48-well, 24-well, 12-well and 6-well plates; 35-mm, 60-mm and 90-mm Petri dishes) and identified the optimal conditions for Sofast. Although we have demonstrated that Sofast had very low toxicity in most cell lines, there remain many cell lines that are sensitive to Sofast. We suggest using fresh culture medium to replace the Sofast/dna complex 2-4 h after transfection, which aids in improving transfection efficiency and lowering cytotoxicity. Cell types affected the efficiency of gene vector-mediated gene transfection (8) , but for reasons which were unclear. our current results indicate that Sofast was successfully transferred into more than 40 types of cell lines derived from humans, mice and monkeys. We found that the shorter the cell doubling time and the faster the cell divided, the higher the transfection efficiency, such as in tumor cells. In vivo, transfection experiments showed that endothelial cells, macrophages and monocytes were the most easily transfected cell types. This may be due to the strong phagocytic capacity and immune function of these cells in presenting antigens. in terms of the different tissues and organs, transfection efficiency in the lung was significantly higher than in other organs, such as the liver, spleen and kidney, which may be attributable to the easy sedimentation of the complexes when they pass through the lung capillaries. By analyzing gFP expression in different organs of mice after intravenously injecting them with Sofast/ pEGFPN1 complex, we also confirmed a high transfection efficiency in the lung.
Cell density to some extent influenced transfection efficiency (9) . For example, cationic liposomes often require a higher cell density or a much higher number of suspended cells for micro-cell toxicity, such as 90% of cell confluence (10), while for some polyamine or non-liposomal transfection reagents, the cell confluence usually ranges from 40-80% (4). The general principle for acquiring a better transfection efficiency is to transfect cells under their optimum physiological state. For Sofast, good transfection efficiency was reached when the cell confluence ranged between 50-80%, with slight variations depending on the cell line. For the most commonly used cell lines, we recommended a cell confluence of 60-70%. in most cases, transfection was conducted within several hours of the cells attaching to substrates. in cells that are insensitive to cytotoxicity, transfection may be performed immediately after inoculation.
antibiotics such as penicillin and streptomycin have often been used to protect cells from bacterial contamination. These antibiotics are generally non-toxic to eukaryotic cells. however, some gene vectors improve cell permeability, which allows the antibiotics to enter the cells, indirectly leads to cell death, and finally lowers the transfection efficiency (11) . We recommend the use of serum and antibiotics-free dMeM to dilute dna and the gene vector Sofast, in order to reduce possible contamination through rigorous operations.
The n/P value, the mole ratio of amino groups of cationic polymers to the phosphate groups of dna (to facilitate the conversion, gene vector/dna mass ratio was generally used), was the key to transfection efficiency (12) . Within a certain range, transfection efficiency increased along with enhancement of the n/P ratio, and then reached a fair value, while the toxicity also kept increasing. our study found that in the in vitro transfection experiments, the recommended mass ratio of Sofast to DNA was 16:1; while in vivo, the mass ratio ranged between 5:1-8:1. Generally, transfection benefited from higher n/P values, but a high n/P value might lead to high cytotoxicity. Therefore, for transfection in different cell lines, the best n/P value should be determined according to the recommended value.
in terms of the analyzing time of transfection, there were two kinds of transfection: transient transfection and stable transfection. By transient transfection, the exogenous nucleonic acid was not capable of integrating with the genome and preserving the short-term high expression level of target gene for 24-96 h. in the present study, we transfected pegFPn1 plasmid into hela cells using Sofast, and found that gFP expression kept increasing and reached a peak value at 48 h. at later time points, the gFP expression changed only slightly, although cells still underwent division, suggesting that 48 h after transfection was the optimum time to analyze the results.
We further examined the diinF-7-induced promotion of Sofast transfection efficiency. Gene vectors transport exogenous nucleic acid molecules into cells through three pathways (13) : extracellular release, formation of endosomes by endocytosis, and direct penetration. Sofast/dna complexes are positively charged and can be absorbed by the negatively charged cell membrane, then transport the dna into cells through membrane fusion and endocytosis and occasionally by direct infiltration, after which the endosome is formed and dna is released from the endosomes into the cytoplasm and finally into the nucleus to be transcribed and expressed. We postulated that a certain membrane fusion protein acts as a catalyzer during the endocytic process in order to overcome the energy barrier (14) . it was confirmed that the gene fusion peptide Haemophilus influenzae hemagglutinin-derived peptides-7 (inF-7) had strong membrane fusion properties and could be used to promote the transfection efficiency of non-viral gene vectors (15) (16) (17) (18) . diINF-7 was a ph-dependent fusion peptide with 24 amino acids, and as the dimer of inF-7, had an n-terminal structure similar to that of hemagglutinin HA-2 of the influenza virus. diINF-7 is capable of promoting gene transfection, and has been successfully used in cationic liposome types of gene vectors (19, 20) .
Transfection of pegFPn1 plasmid into hela cells resulted in a significant increase in the number of GFP-positive cells and in the fluorescence intensity in the test group with diINF-7, indicating that diINF-7 significantly enhanced the transfection efficiency of Sofast. Luciferase activity in HeLa cells increased along with the enhancement of the amount of diinF-7. When the dosage of diinF-7 was up to 1/2 of the dosage of Sofast, the transfection efficiency was significantly improved, and was 2.5-fold higher than that without diinF-7. Subsequently, the transfection efficiency was steady even when the amount of diinF-7 kept increasing. interestingly, in the presence of diINF-7, the transfection efficiency underwent little change when the amount of Sofast was reduced to a quarter of the original amount; however, when the amount of Sofast was reduced to 1/8 or 1/16 of the original amount, the transfection efficiency was markedly decreased. Therefore, we recommend the reduction of the amount of Sofast to control costs in the presence of diinF-7.
The effect of salt concentration in the working solution on transfection efficiency was assessed both in vitro and in vivo. Salt concentration in the working solution of the gene vector is a key element for transfection efficiency. In a buffer solution containing salt, the charge of the cationic polymer gene vector/ dna complexes is weakened, the electrostatic repulsive forces among microparticles are decreased, and the microparticles aggregate to form large particles (21) . The complex is rapidly deposited and increases the intermolecular force with the cell surface, finally improving the transfection efficiency. In the present study, transfection efficiency was improved through enhancing the salt concentration and altering the complex size (22, 23) . interestingly, a salt-free cationic polymer gene vector/dna complex with 5% glucose was better for in vivo transfection due to the micro-ground particles, and the transfection efficiency was 100-fold higher than that in the salt medium (23) . at present, there are many hypotheses regarding the effect of salt on transfection efficiency both in vitro and in vivo, and the detailed mechanisms have yet to be defined. Results from our study also confirm this point. Therefore, in the present study, a salt-free working solution was used for in vivo testing, while a working solution with salt was used for in vitro testing.
in conclusion, based on our previous study, the present research further explored and optimized the properties of Sofast and transfection conditions, such as the cell density, transfection time, n/P values and the time after transfection, as well as the effects of the fusion peptide diinF-7 on transfection efficiency. Finally, the study established optimal working conditions for transfecting commonly used cells using Sofast, and provided the basis for the in vitro and in vivo applications of Sofast.
